Background: Birthweight is an important determinant of health across the life course. Maternal exposure to natural space has been linked to higher birthweight, but stronger evidence of a causal link is needed. We use a quasi-experimental sibling study design to investigate if change in the mother's exposure to natural space between births was related to birthweight, in urban Scotland. Methods: Amount (% area) of total natural space, total accessible (public) natural space, parks, woodlands and open water within 100 m of the mother's postcode was calculated for eligible births (n ¼ 40 194; 1991-2010) in the Scottish Longitudinal Study (a semirandom 5.3% sample of the Scottish population). Associations between natural space and birthweight were estimated, using ordinary least squares and fixed effects models. Results: Birthweight was associated with the total amount of natural space around the mother's home (þ8.2 g for interquartile range increase), but was unrelated to specific types of natural space. This whole-sample relationship disappeared in the sibling analysis, indicating residual confounding. The sibling models showed effects for total natural space with births to women who already had children (þ20.1 g), and to those with an intermediate level of education (þ14.1 g). Conclusions: The importance of total natural space for birthweight suggests that benefits can be experienced near to as well as within natural space. Ensuring expectant mothers have good access to high quality neighbourhood natural space has the potential to improve the infant's start in life, and consequently their health trajectory over the life course.
Introduction
Fetal growth has implications for health across the life course. Low birthweight, for example, has been associated with increased risk of developmental setbacks in childhood, 1, 2 and illnesses such as type 2 diabetes and cardiovascular disease in adulthood. 3, 4 Increasing the proportion of babies born with a healthy birthweight has been identified as a priority in many countries, including Scotland. Individual-level factors are key determinants of fetal growth conditions, but neighbourhood environments are also thought to play a critical role. Mothers living in more disadvantaged areas are at higher risk for low birthweight births, after accounting for individual characteristics. 6 Aspects of the social environment such as crime rates and social contacts are strongly related to birthweight, suggesting the importance of mechanisms related to stress and coping. 7 Increased risk of low birthweight has also been linked to physical environmental factors including noise, 8 air pollution, 9 traffic exposures 10 and the natural environment or 'green space'.
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Evidence for a link between the natural environment and birthweight has emerged over the past 5 years. [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] The evidence to date is entirely from cross-sectional study designs, which are subject to residual confounding (e.g. by inadequately captured socioeconomic position or residential preferences), and do not permit causal inference. Most studies have used a satellite-derived measure of 'greenness' surrounding the mother's residential location, and most of these found a population-wide relationship between residence in greener areas and higher birthweight births, [13] [14] [15] [16] [18] [19] [20] [21] although two did not. 12, 17 Satellite-derived greenness measures, however, cannot differentiate between public and private spaces. The distinction is an important one, because whether the space can be physically entered or just experienced from outside could influence its potential health benefits. The mechanisms by which natural space may influence birth outcomes have been summarized by Kihal-Talantikite et al. 22 as psychosocial (via reduced maternal stress), physiological (via improved maternal health) and environmental (via reduced maternal exposure to environmental risk factors). For example, reduced air and noise pollution might be experienced by a mother living in the vicinity of a natural space, but additional benefits might be accrued if she was able to enter the space and use it for relaxation and/or physical activity. One study found that proximity to public green space was related to population-wide higher mean birthweight, 15 although others found no relationship. 12, 14, 20, 21 We used a robust study design to investigate whether the amount of natural space around the homes of mothers in urban Scotland was related to birthweight. Our study is the first to assess relationships with specific types of publicly accessible natural space: parks, woodlands and open water. Each of these natural space types has been linked to improved physiological and psychological health of adults. [23] [24] [25] We then explored variation in the relationship by parity, because we hypothesized that during her pregnancy a woman may spend more time in her local neighbourhood, and make more visits to natural spaces like parks, if she already had children, 26 and therefore would have increased opportunity for experiencing potential benefits of neighbourhood natural space. Finally, we investigated whether the availability of local green space might offer an opportunity to mitigate health inequalities, by examining if natural space was more strongly related to birthweight for mothers with low educational attainment, as found in some studies. 12, 21 We used a sibling study design ('case-crossover', or within-mother) in which one sibling represented the control case and another was the outcome of the treatment (i.e. a change in the mother's exposure to natural space).
Key Messages
• We used a quasi-experimental sibling design study to investigate the relationship between maternal exposure to natural space types and birthweight, for 40 194 births.
• Total natural space was related to higher birthweight in between-mothers analyses, but not in within-mothers analyses, indicating residual confounding in the former.
• Robust within-mothers relationships between total natural space and birthweight were found for women who already had children and those with an intermediate level of education: groups who may use their local neighbourhood more.
• All types of natural space combined were more important for birthweight than specific types, including those that could be entered and used, suggesting that benefits can be experienced near to as well as within natural space.
• Ensuring expectant mothers have good access to high quality neighbourhood natural space has the potential to improve the infant's start in life, and consequently their health trajectory over the life course. 
Methods

Study population
Natural space exposure
We calculated the amount of natural space around the mother's home address at the registration of each birth, using Scotland's Greenspace Map (SGM). 28 The SGM ). 'Total natural space' included all public and private natural surfaces-vegetation, water, sand, mud and rockand included private gardens. We defined natural space as 'accessible' if it could be accessed by the general public free of charge, which in Scotland includes parks, woodlands, playing fields, play spaces, amenity spaces, golf courses, institutional grounds, cemeteries and churchyards, open semi-natural, agricultural land and open water. Open water was considered accessible because, even if the water is not typically entered on a visit, the adjoining beaches or paths are used for the purpose of visiting the water body. Non-accessible natural spaces included school grounds, bowling greens, allotments, 'other sports' grounds (e.g. stadia), and private gardens.
For every postcode in the study area (each representing approximately 15 households) we calculated the proportion of the area of each natural space type (total, accessible, parks, woods and open water) within 100 m, using the GIS software ArcMap 10.1 (ESRI, Redlands, CA). A 100-m buffer is most commonly used in similar studies. 30 SLS staff linked the natural space measures to each birth to mothers residing within the SGM study area at the registration of the birth (40 194 births to 25 406 mothers).
Covariates
We adjusted our models for mother, infant and neighbourhood characteristics known to be related to birthweight. Covariates for the infant were sex, parity (nulliparous or multiparous), estimated gestational age (weeks, derived from estimated date of last menstrual period), year of birth and season of conception (based on estimated gestation age: March-May ¼ spring; June-August ¼ summer; SeptemberNovember ¼ autumn; December-February ¼ winter). As a sensitivity test we categorized gestational age (< 37 weeks, 37-38 weeks, 39-40 weeks, and > 40 weeks), but this made no substantive differences to the results. Covariates for the mother at the time of the birth were age group (16 to 19, 20 to 24, 25 to 29, 30 to 34, 35 to 39 and 40þ years), height (cm), highest educational attainment (no qualifications, school qualifications or post-school qualifications, from the latest census data available), ethnicity (White or non-White), tenure (home owner, social renter, private renter or living rent free, from the nearest census) and whether she smoked while pregnant (yes or no).
We also adjusted for equivalized household wage (in 2006 pounds sterling), estimated from the mother's and father's occupations and ages at the registration of the birth. 31 Household wage was divided by 1.5 for two-parent households (joint/married birth registrations), as per the OECD household equivalence scale. 32 Neighbourhood-level disadvantage was measured using national-level quintiles of the income deprivation domain of the Scottish Index of Multiple Deprivation (SIMD), 33 for the mother's residential 'datazone' (administrative unit containing 500-1000 residents 34 Missingness rates were highest for whether the mother had smoked during pregnancy (14.7%). To improve the representativeness of the models, 10 sets of imputed variables were generated using multiple imputation in Stata SE/14.0 (StataCorp, College Station, TX).
Statistical analyses
For comparability with previous work, we first used a standard ordinary least squares (OLS) model to assess the association between maternal exposure to natural space (by type) and birthweight, controlling for observed characteristics. Clustering within mothers was taken into account by estimating robust standard errors. Second, we ran a fixed-effects 'within-mothers' model that additionally controlled for all unobserved characteristics that were shared between siblings, as well as capturing the between-mothers effects of the OLS model. An OLS result is considered largely unaffected by residual confounding if it is similar to that from a fixed effects model. The strongest support for a causal influence of natural space on birthweight is from a fixed effects model. After running whole-sample models, we stratified by parity and by the mother's highest educational attainment. Interaction models were then used as a formal interaction test. Within-mothers models could not be run for first-time mothers because first births only occurred once per mother. We checked for non-linearity of the relationship between natural space and birthweight using categorical natural space variables, but found no evidence that linear models were not appropriate. Analyses were conducted within the SLS safe setting in Edinburgh, UK.
Results
Descriptive statistics for the variables are given in Tables 1,  2 (Table 3 ).
An interquartile range (IQR) increase in total natural space (the difference between living at the 75th compared with the 25th percentile) was associated with an increase in birthweight in the between-mothers model (þ8.2 g; P ¼ 0.005), but not in the within-mothers model (Table 4a) . Specific types of natural space were not related to birthweight in either model. Table 4b also emphasizes the strong and well-established associations of income, pollution, education and particularly smoking with birthweight.
Total natural space within 100 m of home was not related to birthweight for first-time mothers, but an IQR increase was related to a þ 12.9 g increase in birthweight (P ¼ 0.002) for mothers who already had children (Table  5a ). The effect size increased in the within-mothers models (þ20.1 g, P ¼ 0.013) (within-mothers models could not be run for first-time mothers). Parity interacted in the relationship between total natural space and birthweight: the interaction term for mothers with previous children for an IQR increase in total natural space was þ17.5 g (P ¼ 0.002).
Natural space was related to birthweight for mothers with school-level education, but not those with no qualifications or degree-level qualifications (Table 5b ). An IQR increase in total natural space within 100 m was associated with a þ 9.8 g (P ¼ 0.025) between-mothers increase in birthweight for mothers with school qualifications, which increased to þ 14.1 g in the within-mothers model (P ¼ 0.044). We found no interaction effect, however. 
Discussion
In a nationally representative sample of mothers in urban Scotland we found that having more natural space surrounding the maternal home was associated with higher birthweight. Importantly, the sibling analysis showed robust relationships for mothers who already had children (although the models could not be run for first-time mothers), and mothers whose highest educational qualifications were school level (rather than no qualifications or higher qualifications). No independent relationships with birthweight were found for individual natural space types. Most previous studies have found that mothers residing in areas with higher greenness or more green space have higher birthweight births. [13] [14] [15] [16] [18] [19] [20] [21] We found a modest population-wide between-mothers effect size of þ 8.2 g for an IQR increase in natural space area within 100 m, although others considering the same buffer size (and controlling for similar covariates) found either no effect 12, 18, 20 or effect sizes of þ 15.8 to þ 22.8 g for an IQR increase in greenness. 14, 15, 21 Our whole-population finding was subject to residual confounding, as it disappeared in the sibling analysis. Ours is the first sibling design study of birthweight and natural space, so it is possible that the wholepopulation results from other studies might also have been subject to confounding from unobserved characteristics. We hypothesized that particular types of public (accessible) natural space might be more strongly related to birthweight than total natural space, as the latter combines public and private (typically unusable) spaces. However, we found no relationship for birthweight with total accessible space, parks, woodlands or open water. Five other studies have assessed birthweight relationships both with total green space (or greenness) and with public space availability: one found links for both types, 15 another found links for neither 20 and most found links for total but not public green space. 12, 14, 21 Taken together, this body of evidence suggests that ambient neighbourhood naturalness may be more influential for healthy fetal growth than public natural space. This points to potential causative pathways that can be experienced near natural spaces as well as within them, such as stress reduction or amelioration of environmental risk factors. 35 The OLS models showed that total natural space was related to birthweight for births to women who already had children, but not for first-borns. The sibling analysis confirmed the effect for mothers with children: an effect that was larger than that for a £100 increase in weekly wage, and was comparable to the effect of a lower school education versus no education. The sibling analysis was not possible for first-time mothers, but given the small OLS coefficient for first-time mothers and high P-value (P ¼ 0.46), it is unlikely that additional control for unobserved explanatory factors would have revealed a relationship. Child care responsibilities may lead women with children to spend more time in their neighbourhood and increase their exposure to local environments. 26 Women with children are less likely to exercise regularly than women without children, 36 but they are 25% more likely IQRs for between-mother change in natural space given in Table 1 . IQRs for within-mother change in natural space are: total 18.5 percentage points, accessible 18. IQRs for between-mother change in natural space given in Table 1 to mention using a natural area (e.g. park or woodland) for some form of physical activity, according to weighted tabulation of 2014 Scottish Health Survey data [nesstar.ukdataservice.co.uk]. This suggests that the beneficial relationship with birthweight we found for mothers who already had at least one child is more likely due to the restorative experiences or positive social connections facilitated by their natural space visits with their children, rather than from physical activity per se. Concomitant with the health benefits conferred on an infant via higher birthweight, mothers who use neighbourhood natural space more frequently also raise children who are more likely to use and benefit from such spaces during childhood and into adulthood. 29, 37 Urban planning that ensures high quality and equitable availability of neighbourhood natural space for expectant mothers and families has the potential to improve health across the life course. A growing body of research suggests that green or natural space can buffer the detrimental influences of social disadvantage on various health outcomes, 38, 39 including the educational attainment gradient in birth outcomes.
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We therefore hypothesized that the relationship between natural space and birthweight would be strongest for the least-educated mothers; instead, we only found a relationship for mothers with an intermediate level of education (school-level qualifications). This finding is consistent with the only other UK study of natural space and birth outcomes, 14 which found the relationship to be restricted to mothers with school qualifications, rather than for those with less education. We know that education can enhance opportunities for employment, higher earnings, safer homes and access to healthful resources, and whereas we have provided good evidence that natural space has benefits for birthweight, it is possible that these benefits cannot outweigh the multitude of disadvantageous circumstances that often afflict the least educated mothers. Further work would be needed to ascertain why this finding might be specific to the UK context. At the other end of the educational spectrum, mothers with the highest qualifications may also not experience benefits from neighbourhood natural space because they have higher mobility and may spend less time in their residential neighbourhood. 40 Our study has strengths that make it a substantial contribution to the existing literature. We exploited a large population database of linked administrative and health data, and were able to link in detailed natural space information from the high quality and detailed SGM dataset. The large sample gave our models substantial statistical power, and enabled us to adjust for many relevant confounders at the infant, mother, household and area levels. Our principal contribution to this field is the use of a sibling study for the first time, enabling us to produce the clearest evidence to date of a causal link between natural space and birthweight.
Some limitations must also be acknowledged. First, the natural space and area deprivation measures were linked to each birth based on the mother's address at the registration of the birth, but this address may have changed during the pregnancy. There may be a degree of exposure misclassification for some births therefore, although previous longitudinal studies have shown that people tend to move between very similar types of physical environment. 41 Second, the natural space data refer to a single point in time (2009), whereas the births ranged from 1991 to 2010. Comparing the 2009 SGM data with a 1969 dataset for Edinburgh, however, showed only minimal change in the distribution of natural spaces over this 40-year period, 42 suggesting that our measure is applicable back to 1991. Third, we have only measured the amount of residential surrounding natural space, but we do not know how each mother experienced the space around her home. How the natural space is interacted with will affect potential health benefits. Fourth, a mother's pre-pregnancy weight status is related to birthweight, but these data were unavailable for our sample.
Conclusions
Birthweight is an important determinant of subsequent health across the life course, and in Scotland has been identified as one of the country's National Indicators for monitoring the progress of government. 5 We found that birthweight is associated with the total amount of natural space around the mother's home, regardless of whether the space is public or private. The importance of total natural space rather than public space suggests potential causative mechanisms that can operate near natural spaces as well as within them, such as stress reduction or the amelioration of environmental risk factors. Sibling analysis showed that the relationship was most robust for mothers who already had children, and mothers whose highest educational qualifications were school-level. Ensuring good, equitable availability of neighbourhood natural space for expectant mothers, and enabling particularly those expecting their first child to interact with natural space, has the potential to improve the infant's start in life and consequently their health trajectory over the life course. Programme (MC_UU_12017-10). The LSCS is supported by the ESRC/JISC, the Scottish Funding Council, the Chief Scientist's Office and the Scottish Government. The authors alone are responsible for the interpretation of the data.
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